Introduction
Recent high-resolution observations (Bonet et al., 2008;  Wedemeyer-Böhm and Rouppe van der Voort, 2009) clearly demonstrate the presence of vortex motions in the solar photosphere. These motions are found at photospheric bright points, thus suggesting the magnetic nature of the photospheric vortices. On the other hand, as it has recently been demonstrated by forward modelling (Shelyag et al., 2008; Fedun et al., 2009 Fedun et al., , 2011 , the motions, which occur at the footpoints of photospheric magnetic flux tubes, effectively leak into the higher layers of the solar atmosphere thus eventually reaching the corona and transporting energy into it (Fedun et al., 2004; Erdélyi and Fedun, 2007; Taroyan, 2008;  Correspondence to: S. Shelyag (s.shelyag@qub.ac.uk) Taroyan and Erdélyi, 2009; Antolin and Shibata, 2010) . Thus, it is suggested that vortex motions in the photosphere may act as one of the potential mechanisms of energy supply to the upper solar atmosphere.
The origin of vorticity in the non-magnetic solar photosphere has been studied in detail (Stein and Nordlund, 1998) . However, the computational limitations and model simplifications did not allow detailed investigation of vorticity generation in low plasma β regions (see e.g. Cameron et al., 2008, and references therein) . In their simulations, Vögler et al. (2005) have demonstrated a connection between the magnetic field and photospheric vortex structures. Recently, Shelyag et al. (2011) have shown vorticity production in magnetic field concentrations and identified it as a mechanism that is physically different from the standard hydrodynamical mechanism of the vorticity generation.
In this paper, we analyse the three-dimensional structure of photospheric magnetic vortices. We demonstrate that the magnetic vortex configuration consists of a few concentric cylinder-like structures, embedded into the intergranular lane and rotating in the opposite directions. We also show that this structure is bounded by the surface at which the local Alfvén speed is equal to the local sound speed.
Simulations
We use the MuRAM code (see e.g. Vögler et al., 2005) to perform the forward simulations of the magnetised solar photosphere. The code solves the full system of radiative MHD equations using a fourth-order central difference scheme for calculating the spatial derivatives and fourth-order Runge-Kutta scheme to advance the numerical solution in time. The solution is stabilised against numerical instabilities and build-up of energy on the higher spatial scales using hyperdiffusive terms. The side boundaries of the numerical domain are periodic while the bottom boundary is open for plasma in-and outflows. The top boundary is closed with stress-free conditions for horizontal motions of plasma and magnetic field. Non-grey radiative transport is included in the code as a source term in the energy equation. A nonideal equation of state, which takes into account first stage ionisation of the most abundant elements of solar chemical composition, is used to close the system of MHD equations.
In the simulation discussed here we use a numerical domain of size of 12 × 12 Mm 2 in the horizontal directions and 1.4 Mm in the vertical (denoted as y) direction, which is resolved by 480 × 480 × 100 grid cells, respectively. The numerical box is positioned in such a way that the approximate visible solar surface is located at the height of 0.8 Mm above the bottom boundary. We start the computational modelling from a plane-parallel initial state based on the convectively-unstable model of the photosphere described by Spruit (1974) . After a few convective turnover times the pattern of non-magnetic photospheric convection became sufficiently well developed and the simulation became statistically stable. At this stage, a uniform vertical magnetic field of 200 G is introduced into the domain, and the simulation is let to evolve for a few more convective turnovers. During this stage the magnetic field is forced out of the granules into the intergranular lanes, forming intergranular magnetic flux concentrations with the magnetic field strength of about 2 kG. At the last stage of the evolution a snapshot containing all model parameters is taken for further analysis. structures of the second type are vortices, which are located just between the granules and have spiral or circular shapes with a small, about 1 Mm, size. Comparison between the left and right panels demonstrates that these features are colocated with the regions of strong magnetic field. As it was recently analysed by Shelyag et al. (2011) , these vortices are generated by the action of the magnetic tension term in the MHD vorticity equation. The vortices show significantly higher horizontal velocities compared to the granular outflows. The enhancement could be up to a factor of 2. Also, a comparison of the left and right panels in Fig. 1 shows that the horizontal velocity amplitude in the vortices does not depend on the magnetic field strength. Figure 2 , a scatter plot of the horizontal velocity amplitude versus the vertical magnetic field strength, confirms this observation, showing little or no evidence of such a dependence. However, there is some evidence of the dependence of the fine structure of the vortex on the magnetic field. For example, at the position (5.5, 7) Mm, where the magnetic field reaches the highest value of about a kG, the vortex ridges, corresponding to enhancements in the modulus of horizontal velocity, become noticeably thinner.
The magnetic photospheric vortices correspond to regions of strong vertical Poynting flux (Fig. 3) . From this figure it can be seen that positive (directed outwards) flux has larger amplitude, and the regions of positive Poynting flux cover larger area than the regions of negative flux, leading to a net positive vertical Poynting flux.
Magnetic photospheric vortex structure
A more detailed close-up look of a single magnetic photospheric vortex is presented in Fig. 5 . The values for the modulus of the horizontal velocity component (top-left panel), The map of the vertical component of the Poynting flux also shows both positive and negative values. Despite that the maximum value of the negative flux is slightly higher than the maximum positive one, the area covered by positive flux is visibly larger than the area covered by negative flux.
In Fig. 4 the net vertical Poynting flux dependence on the simulation time is shown. The oscillatory behaviour of the vertical flux is caused by the presence of the model eigenmodes in the simulations. The flux averaged over time is about 3 × 10 8 erg s −1 cm −2 , which is sufficiently hight to supply the energy flux for the upper layers of the solar atmosphere.
The observed dependence of the net vertical Poynting flux is in agreement with that of Abbett and Fisher (2011) , who found that it is directed downwards in the lower photosphere, and upwards in the upper photosphere (see Fig. 6 ).
A typical vertical structure of the vortex is shown in Fig. 7 . The background greyscale image is the horizontal velocity component perpendicular to the picture plane (note that the velocity field has not been normalised by the large-scale background flow which is present in the analysed region of the simulation). The red dashed lines are the magnetic field lines, while the green contour corresponds to the surface where the local Alfvén speed is equal to the sound speed, v A = c s . An alternating pattern of vertical cylinder-like structures, rotating in the opposite horizontal directions and nearly parallel to the magnetic field lines, is visible in the region bounded by the equipartition contour.
Conclusions
In this paper we present a brief study of the magnetic photospheric vortices. The internal structure of the vortex has been demonstrated as an involved, multi-layered system of concentric cylinders, rotating in the opposite directions in the intergranular photospheric magnetic flux concentrations, where the Alfvén speed is greater than the sound speed. These structures also correspond to the regions with increased vertical Poynting flux, that is directed outwards and is sufficient to provide the energy supply for the upper layers of the solar atmosphere. Importantly, such structures can generate torsional Alfvén waves, as detected recently by Jess et al. (2009) , and transport energy to the higher layers of the solar atmosphere (see e.g. Verth et al., 2010) . The generated waves could by exploited by means of solar magneto-seismology and provide more insight into the magnetically complex lower solar atmosphere (see e.g. Erdélyi, 2006; . 
